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Summary 

Background Adult bone marrow-derived (BMD) cells could be 
used to repair damaged organs and tissues, but the intrinsic 
plasticity of these celts has been questioned by results of irv 
vitro studies suggesting that such celts might fuse with other 
cells giving the appearance of differentiation. We aimed to 
determine whether fusion events are important in vivo. 

Methods To test whether BMD cells can colonise an epithelial 
tissue and differentiate there without fusion, we did irvsitu 
hybridisation with Y and X chromosome probes labelled with 
35-sulphur or digoxigenin, or labelled fiuorescently. We did 
immunohistochemistry with anticytokeratin 13 along with 
fluorescence irvsitu hybridisation to identify Y-chromosome 
positive buccal epithelial celts in cheek scrapings obtained 
from five females who had received either a bone-marrow 
transplant or an allogeneic mobilised peripheral-blood 
progenitor-cell transplant (enriched in CD34+ cells) from mate 
donors. 

Rndlngs When examined 4-6 years after male-to-female 
marrow-cell transplantation, all female recipients had 
Y-chromosome-positive buccal cells (0-8-12-7%). In more 
than 9700 cells studied, we detected only one XXXY-positive 
cell (0 01%) and one XXY cell (0 01%), both of which could 
have arisen when an XY celt fused with an XX cell. 

Interpretation Male BMD cells migrate into the cheek and 
differentiate into epithelial cells, an occurrence that does not 
depend on fusion of BMD cells to recipient cells. This finding 
might be an example of transdifferentiation of haemopoietic 
or stromal progenitor cells. Plasticity of BMD cells could be 
useful in regenerative medicine. 
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Introduction 

Evidence from studies in recipients of bone-marrow 
transplants shows that bone marrow-derived (BMD) cells 
can differentiate into cells other than blood. This 
occurrence is of importance because such cells could be 
used to regenerate organs after disease or trauma.' 
However, the plasticity of BMD cells has been 
questioned by results of studies suggesting that stem cells 
might fuse with other cells and give the appearance of 
differentiation.* 7 Furthermore, caution is needed in 
interpretation of data purporting to show that non- 
haemopoietic cells are derived from donor BMD cells. , , ° 
Tissues, especially when affected by graft-versus-host 
disease (GVHD), might contain infiltrating donor 
haemopoietic or lymphoid cells. In histological sections, 
non-haemopoietic tissue cells might be confounded with 
haemopoietic cells because of cell overlap (attributable to 
the thickness of the sections) or loss of haemopoietic 
lineage-specific markers. 

We aimed to establish whether BMD cells differentiate 
into cells of another tissue lineage, and to assess whether 
this event is attributable to fusion. To avoid 
contamination of our samples by haemopoietic 
inflammatory cells, we did our studies on healthy 
transplant recipients without oral GVHD, several years 
after bone-marrow transplantation. 

Methods 

Patients 

Bone-marrow stem-cell transplant recipients residing 
within the USA, who each had received an allogeneic 
transplant from a male sibling donor through protocols 
from the National Heart, Lung, and Blood Institute, were 
invited to participate in the study. All those who agreed 
to participate were well, in haematological remission, 
with full donor lymphohaemopoietic engraftment and no 
active oral GVHD. The transplants these patients had 
received consisted of at least 3X 10 a CD34+ cells/kg and a 
total of 1 x 1 0 T -3 X 10" CD3+ lymphocytes/kg given within 
3 months of the stem cells. After the transplant, all 
patients received only irradiated blood products. We also 
recruited healthy volunteers as controls. This study was 
approved by the Institutional Review Board of the 
National Institute of Dental and Craniofacial Research 
(NIDCR), National Institutes of Health (NIH). 

Procedures 

We obtained cheek scrapings from all women to look for 
Y-chromosome-positive buccal epithelial cells. Study of 
buccal cells has the advantage of providing a non- 
invasive^ obtained, pure single-cell population of mature 
nucleated cells with a characteristic morphology and 
phenotype (anticytokeratin 13+). Cheek scrapings spread 
on glass slides were independently examined by two 
pathologists. We also gathered blood samples from these 
women. 
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Recipient 










1 


2 


3 


4 


5 


Characteristic 












Age at transplant (years) 


31 


36 


37 


56 


40 


Reason for transplant 


CML 


MDS 


AMI 


CML 


CML 


Type of transplant 


BM 


PBPC 


PBPC 


PBPC 


BM 


Chemothera py/radlothera py 


Yes/Yes 


Yes/Yes 


Yes/Yes 


Yes/No 


Yes/Yes 


Time from transplant to buccal samples 


52 


45 


4 


42 


6 


(years) 












History of pregnancy 


Never 


Never 


1 daughter, 


2 daughters. 1 son 


2 daughters. 1 son, 








2 miscarriages 




1 miscarriage 


History of blood transfusion 


Never 


Yes 


Yes 


Never 


Never 



AML=acute myelogenous leukaemia. BM=bone marrow transplant; CML=chronlc myelogenous leukaemia; MDS=mye!odysptastic syndrome; PBPC=peripheral-blood 
progenitor-cell allogeneic transplant (granulocyte-cotony stimulating factor mobilised). 

Table 1: Characteristics of female transplant-recipients 



In situ hybridisation and immunohistochemistry 
We did in-situ hybridisation as described, J with a 
digoxigenin-labelled riboprobe complementary to 
nucleotides 729-2053 of the Y-chromosomal marker 
DYZ1 (accession number X06228). 1 * We prepared the 
template from human genomic DNA and produced a 1*3 
kb riboprobe by T7 polymerase and either 35-sulphur- 
labelled or digoxigenin-labelled UTP. After hybridisation, 



the digoxigenin-labelled probe was visualised with a 
peroxidase-conjugated antidigoxigenin antibody (Roche, 
Indianapolis, IN, USA), followed by tyramide signal 
amplification with the FITC-tyramide plus reagent (TSA 
System, Perkin-Elmer, Boston, MA, USA). For 
autoradiographic detection of the Y chromosome, we used 
the method described elsewhere. 11 For double-labelling of 
cytokeratin and Y chromosome, buccal cells were fixed in a 




G 




H 




B 



Figure 1: In-shtu hybridisation and Immunohistochemistry In human buccal cells 

(A) Y-chromosome autoradiography on a smear of buccal celts from recipient 3 is shown in brightfietd. The arrows point to the autoradiographic grains 
(black dots) above the nuclei of Y<hromosome containing cells. (B, C, 0) Buccal cells from recipients 4, 2. and 3, respectively. The cells were first 
immunostained for cytokeratin 13 (green), then hybridised in situ with a human Y-chromosome riboprobe (red fluorescent dots shown by the arrows). The 
nuclei of the cells are stained blue with DAPI. (E, F. G, H) FISH with X-chromosome and Y-chromosome probes. Individual buccal cells are shown from a 
healthy female control (E), a healthy male control (F), recipient 3 (G), and recipient 1 (H). The green fluorescent dot in the nucleus represents the X probe 
and the red dot the Y probe hybridised to the appropriate regions of the sex chromosomes. The nuclei of the cells are stained blue with DAPI. The 
cytoplasm of cells in panels E-H are autofluorescent. The scale bar represents 10 fim in all panels, except 100 jim for panel A. An RGB version of this 
figure is available at http://image.thelancet.com/extras/02artl0351webflgure.pdf. 
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Recipient 












1 


2 


3 


4 


5 


S»-fBdlotabelted V probe 

Number of nuclei examined 
Number of Y-posltive nuclei (%) 


3907 
194 (5 0%) 


747 
13 (1-7%) 


2658 
293 (110%) 


966 
13 (1-4%) 


1285 
125 (9-7%) 


FISH wtth X and Y probes 

Number of nuclei examined 
Number of Y-positive nuclei {%) 


1824 
206 (11-3%) 


1779 

42 (2-4%) 


1315 
167 (12-7%) 


2853 

23 (0-8%) 


1977 
136 (6-9%) 



Table 2: Detection of Y-chromosome-poartlve cells In cheek scrapings from female transplant-recipients 



picric acid-aldehyde fixative for 15 min at room 
temperature, and we did immunocytochemistry first with a 
cyto keratin 13 antibody at a 1:1000 dilution (132M, 
BioGenex, San Ramon, CA, USA) followed by tyramide 
signal amplification (Perkin-Elmer). After immunostaining, 
we processed the slides for fluorescence in-situ 
hybridisation (FISH) and assessed them with a Leitz or 
Zeiss fluorescence microscope.' 2 

FISH with X and Y chromosome probes 
We placed buccal cells in Camoy's fixative for 15 min at 
room temperature. A mixture of two centromeric probes — 
CEP X (alpha satellite DNA) labelled with spectrum green 
and CEP Y (satellite III DNA) labelled with spectrum 
orange (Vysis, Downers Grove, IL, USA) — was denatured 
at 74°C for 5 min and hybridised overnight at 37°C in a 
humidified chamber. We did post-hybridisation washes at 
45°C in 50% formamide and 2XSSC for 15 min and 
1XSSC for 15 min. We counterstained slides with 250 
mg/L DAPI (4',6-diamidino-2-phenylindole dihydrochlo- 
ride) in mounting medium (Vectashield, Vector 
Laboratories, Burlingame, CA, USA). 

Genotyping 

DNA was extracted from the cheek cells and donor blood 
samples with PureGene reagents (Gentra, Minneapolis, 
MN, USA). We obtained markers from Research 
Genetics, amplified with TaqGold (Applied Biosystems, 
Foster City, CA, USA) in accordance with the 
manufacturer's protocol, and analysed them on an ABI 
3100 capillary sequencer. Allele sizing was done with 
Genotyper software (version 2.5, Applied Biosystems). 

Role of the funding source 

The sponsor of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report. 

Results 

Five females, 4-6 years after receiving a transplant from an 
HLA-identical brother for leukaemia, agreed to participate 
(table 1). Recipients 1, 2, 3, and 5 underwent a 
myeloablative conditioning regimen consisting of 4 days of 
total body irradiation (13-6 Gy) and 2 days of 
cyclophosphamide 60 mg/kg. Recipient 4 received the same 
dose of cyclophosphamide plus fludarabine 1 25 mg/m 3 over 
5 days. GVHD developed in four: acute grade 1 in recipient 
1; chronic liver GVHD in recipient 3; extensive chronic 
GVHD in recipient 4; and acute grade 4 in recipient 5. 
Only recipient 3 had active GVHD at the time of testing. 

Cheek scrapings from these five women consisted of 
discrete epithelial cells without contamination by 
mononuclear cells or macrophages. The S"-radiolabelled 
Y-chromosome probe hybridised in situ with 97-7% of the 
5354 buccal cells obtained from four healthy male 
volunteers and none of the buccal cells obtained from ten 
female volunteers (500-1000 buccal cells were counted 
per female volunteer). Therefore, the sensitivity of the S M - 



radiolabelled Y-chromosomal probe was 97-7% (95% CI 
96-9-98-5) and the specificity was 100% (99*8-100). 

In the five transplant-recipients, frequency of Y-positive 
nuclei in buccal epithelial cells ranged between 1-4% and 
11% (mean 5-76; 95% CI 0-24-11-28; figure 1 A, and 
table 2). Presence of male cells was confirmed in recipient 
5 by DNA genotyping of the donor's blood, the patient's 
buccal epithelial cells, and her son's blood cells, with 
Y-chromosomal markers 289, 388, 390, and 391; none of 
these markers gave products when female control DNA 
was used as template (figure 2). On the other hand, 
patient 5's donor's blood and her own cheek samples 
always had the same genotypes. The alleles for the above 
markers were 148, 126, 211, and 287, respectively. 
However, patient 5's son had alleles 148, 126, 215, and 
283. This finding shows that the patient's Y -chromosome- 
positive cheek cells could not have arisen by 
microchimerism, 11 and the fact that the genotypes of the 
patient's buccal cells and donor's blood cells are identical 
strongly suggests that the former arose from the graft. We 
detected no Y-positive ampl icons in un transplanted female 
control samples, and no Y-positive buccal cells in ten 
healthy control women who have sons. Combined staining 
for the Y-chromosome by FISH and by histochemistry for 
anticytokeratin 1 3 confirmed the presence of male buccal 
epithelial cells (figure 1 B, C, and D). Cryopreserved 
bone-marrow samples, available from the donors of 
recipients 1 and 5, were negative for cytokeratin 13, 
indicating no epithelial cells were present in the bone- 
marrow transplant specimen. 

We next used X and Y chromosomal FISH to search for 
cell fusion. As controls we analysed 3693 female and 
1855 male buccal cells obtained from two female and two 
male healthy volunteers (figure 1 E and F). The sensitivity 
of detection of the Y-chromosome probe was 98*6% 
(95% CI 96*8-100) and the specificity was 100% 
(99-9-100). The X-chromosome probe hybridised to two 
X chromosomes in 99 0% of 3693 female control buccal 
cells (sensitivity 99 0%; 95% CI 97-8-100). We analysed 
between 1300 and 2800 cells per female transplant- 
recipient. The overall frequency of Y-positive nuclei in 
cheek scrapings of female transplant-recipients varied from 
0-8 to 12-7% (mean 6-81; 95% CI 0-28-13-34; figure 1 G 
and H, and table 2). Of 9748 cells examined from the five 
transplant-recipients, one cell (0-01%) was XXXY and 
one was XXY (0-01%). 

Discussion 

These results indicate that cells derived from marrow or 
granulocyte-colony stimulating factor mobilised blood cells 
migrate into the cheek and differentiate into epithelial 
cells. These results might therefore represent transdif- 
ferentiation of haemopoietic or stromal stem cells, or 
transplantation of a hypothetical epithelial progenitor cell. 

Four criteria have been proposed to show plasticity of 
adult stem cells. u,,, The first criterion states that cells 
grafted should be clonal. Our study did not fulfil this 
requirement because small populations of blood-derived or 
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Figure 2: DNA analysis 

Blood from a non-transplanted female control, buccal cells from recipient 5, her donor's blood, and her son's blood, were analysed with four sets of 
Y-chromosome markers. X axis shows product length in bases, and Y axis shows signal strength. 



marrow-derived cells other than the CD34+ selected 
hacmopoietic progenitors could have been transplanted. 
Therefore, the Y-chromosome positive buccal epithelial 
cells seen in our female transplant recipients could have 
originated from male donor haemopoietic stem cells, 
mesenchymal stem cells, or epithelial stem cells. Results of 
many reports suggest that both haemopoietic stem cells 
and mesenchymal stem cells can differentiate into 
epithelial cells. VMT However, results of some reports argue 
against the possibility that haemopoietic stem cells can 
differentiate into non-haemopoietic tissues." Epithelial 
stem cells have not been described in the bone marrow, 
nor was cytokeratin 13 detected in the bone marrow of two 
male donors tested. 

The second criterion for plasticity of adult stem cells 
requires that transplanted cells be prospectively isolated 
and transplanted without in-vitro culturing. Our study 
meets this criterion, since the sorted CD34+ fractions were 
transplanted without any in-vitro culturing. 



The third criterion, which requires that the phenotype of 
the transdifferentiated cells be shown anatomically, 
molecularly, and functionally, is met: Y-chromosome 
positive buccal cells were morphologically distinguishable 
as buccal epithelial cells, and they expressed cytokeratin 13, 
a recognised epithelial marker located in the superficial 
buccal-cell layer of the cheek. Although the function of the 
differentiated cells could not be verified, the buccal 
mucosa of these individuals seemed unremarkable and 
intact. 

The fourth criterion is to report the frequency of the 
transdifferentiation event. We noted that 0-8-12-7% of the 
nuclei studied were Y-chromosome positive. This high 
frequency of engraftment might be related to the rapid 
turnover rate (every 7-10 days) of the oral mucosa. Buccal 
epithelial cells obtained from cheek scrapings were 
dispersed on a glass slide. Thus, we could not establish 
whether the high frequency of transdifferentiation seen was 
attributable to clonal expansion of epithelial stem cells or 
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frequent trans differentiation of individual graft-derived 
cells. To answer this question, one would need to obtain 
incisional biopsy specimens of the oral mucosa. Overall, 
this study meets three of the four proposed criteria for 
adult stem-cell plasticity. 

A second important rinding is that fusion between donor 
and recipient cells was a rare occurrence in vivo, just as it is 
in vitro.*- 7 With one or two exceptions, the greater than 
9700 differentiated buccal cells seen in this study showed 
no evidence of fusion. Thus, differentiation was not 
attributable to host and donor cell fusion. Although the 
clinical implications of adult bone-marrow cell plasticity 
are still unclear, focusing on non-fusion mechanisms by 
which cell fate is ascertained in man is likely to benefit the 
areas of cell therapy and regenerative medicine. 
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